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Abstract 
The results of researches of influence of ionizing radiation on the characteristics of integrated hydrogen sensors with MISFIT 
sensitive elements (TSE) are presented. The proposed compact models of hydrogen and radiation sensitivity take into account the 
changes of the threshold voltage, the transconductance and ionization currents in the different electrical modes TSE and dose 
rates of ionizing radiation. It is shown how the electrical modes and types of measurement circuits influence on metrological 
characteristics of sensors with TSE under the action of ionizing radiation. 
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1. Introduction 
The gas sensors have long been used in the fire and explosion safety monitoring systems as well as in systems of 
the environmental monitoring. The development of integrated sensors and microdevices with gas sensitive elements 
(SE) fabricated by means of micro- and nanotechnology is a promising field for creation of small-sized gas analysis 
devices and microsystems. The researchers from Micro and Nanoelectronics Department of National Research 
Nuclear University MEPhI developed the hydrogen sensors with the metal-insulator-semiconductor structures 
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Pd(Pt)-SiO2-Si, Pd/Ti-SiO2-Si, Pd(Pt)-Ta2O5-SiO2-Si  and the metal oxide gas sensors based on nano-structural 
(Pd)+SnO2 by Voronov et al. (2010). Among all the solid-state SE, the elements based on metal-insulator-
semiconductor transistor structures (MISFETs) possess the best compatibility with the standard elements of 
integrated circuits and good performance characteristics. The gas sensors based on MISFETs have been studied by 
many investigators by Lundström (1981,2007), Fomenko et al. (1992), Podlepetsky (1996, 2014). The studies have 
shown that the sensor performance characteristics depend on many factors: structure and technological processes of 
sensors, chip temperature, MISFET electrical modes, the concentration of other gases present and irradiation, by 
Bur. et al.(2014), by Podlepetsky et al. (1996, 2014) and Voronov et al. (2010).  
This paper deals with the hydrogen sensors with MISFET sensing element based on Pd(Ag)-Ta2O5-SiO2-Si 
structure (named as TSE). The TSE sensor characteristics have been already investigated at normal levels of 
background radiation. However, the gas analysis devices can be used for a long time at raised radiation levels (for 
example, in nuclear reactors, in uranium mines, into oil underground deposits search instrumentation based on 
hydrogen-methane-radon discharge from soil or into the upper atmosphere monitoring systems).  Study of the effect 
of radiation on the characteristics of MIS structures and devices based on them began in the 1960-ies and is still 
going on. It was found the common radiation effects in MIS structures: increase the concentration of trapping 
centers Nt under the radiation, change charges in the dielectrics Qt  and on its border with the semiconductor Qss  by 
Dressendorfer (1989). As a consequence the threshold voltage VT, the transconductance b and electrical 
characteristics of MISFETs are changing. The studies have shown that quantitative changes of MISFET parameters 
depend on many technological factors, temperature and electrical modes, as well as on ionizing radiation absorption 
dose D and P its rate by Podlepetsky (2014-15). Because TSE has specific structural and technological features, 
there are number of unexplored questions about its radiation sensitivity. How would the TSE performance 
characteristics be changed under the effect of radiation? What models and its parameters can be used for the 
radiation effect simulation on characteristics of the gas analysis devices based on TSE? How do the electrical modes 
and of the measuring circuits influence on the hydrogen sensors performance characteristics under irradiation? To 
get answers these questions – the aim of this work.  
2. Experiment 
2.1. The structure and characteristics of sensors 
The integrated sensor, consisting of Pd-resistor, temperature sensor, heater,  N-channel Pd-gate MISFET (TSE), 
and test elements on single silicon chip (2u2 mm2), have been fabricated by means of conventional MOS-
technology with using laser evaporation Pd-films as by Fomenko et al. (1992), Podlepetsky et al.(1992), Kalinina et 
al. (2010). The photos of sensor chip and surface view of the gas sensitive thin film of a Pd gate (≈70 nm) are shown 
in fig.1. Structurally-technological and physical parameters TSE are the following: acceptors concentration Na = 
5·1015сm –3; length L and width z of the channel are 10 μm and 3.2 mm; the thicknesses of Ta2O5 and SiO2 films are 
equal (80–00) nm;  dielectric capacitance C0 ≈ 30 nF/cm2; transconductance b ≈ 2.0 mA/V2.  
2.2. Experimental technique 
In the first stage of the experiment the transient current-voltage characteristic (the drain current ID of the gate 
voltage VG dependence) of the test TSEs were measured by the “Agilient B1500A” instrumentation. These 
characteristics were used to determine the initial values of the threshold voltage VT0, the transconductance b0, the 
charge in the oxide Qt0 and the charge Qss0 at the interface SiO2-Si. In the second stage of the experiment the 
threshold voltage of TSE as functions of hydrogen concentration were determined. For this purpose the sensor 
hydrogen responses were measured with using special circuitry (circuit No. 1) as in Fomenko et al. (1992). The 
measuring circuitry provides the constant ID  ≈ 0,1 mA and source-drain voltage VD ≈ 1 V and the output voltage Vout 
= VG . For this measuring circuitry the threshold voltage 
bIVV DOUTT 2  (1) 
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Fig. 1. (a) Photo of the integrated sensor chip: 1– Pd-resistor,2– test element and thermosensor, 3 – heater, 4 – TSE. (b) AFM photo of Pd thin 
films used in Pd-resistor (1) and Pd-gate of TSE  (4 in fig.1) by Kalinina et al. (2010) . 
The chip temperature 130 0C is supported by means of special temperature-stabilization circuitry with feedback 
loop using on-chip thermosensor and heater. Each sensor was 3 times exposed to hydrogen pulses (W i ≈ 20-30 s 
with period W ≈ 60 s) with concentrations (C): 0.005, 0.01, 0.05, 0.1 and 0.2 % vol. (percentage per volume). The 
following parameters of hydrogen responses were measured: initial threshold voltage VT0 = VT (C=0), amplitude of 
response 'VTC = VT (C) –VT (0), response W 1 and relaxation W 2 times. The average values were calculated as by 
Podlepetsky (2014). In the third stage of experiments the sensor radiation sensitivity was investigated. For this 
purpose 8 sensors with identical initial characteristics have been selected. The sensors were divided by two sorts: 3 
sensors as the comparative samples (not be irradiated) and 5 samples have being irradiated. Before and after each 
irradiations all the sensors were 3 times exposed to hydrogen pulses with concentrations: 0.05 and 0.1 % vol. In 
addition characteristics ID (VG) of the comparative and irradiated samples were measured. Then the changing of 
charges ΔQt(D), ΔQss(D) and parameters of model ΔVT0(D) were calculated as by Podlepetsky (2015). The sensors 
were 5 times exposed to electron radiation (6 MeV energy) with various doses in the linear accelerator U-
28“MEPhI”. The fluences accepted the following values: 1011 e/сm2, 2·1011 e/сm2, 5·1011 e/сm2, 2·1012 e/сm2  and 
1013 e/сm2. These fluences correspond to the accumulated absorption doses D(Si): ≈ 30 Gy, 90 Gy, 260 Gy, 920 
Gy and 4,22 кGy. (1Gy = 100 rad). The absorption dose rate P(Si) ≈ 2.0 Gy/s, during irradiations VG = VD = 0 V. 
3. Results and Discussion  
3.1. The experimental results  
The average values of threshold voltages of TSE as a function of hydrogen concentration were determined 
before and after irradiations (fig. 2a). It was found that the transfer functions VT (C,D) of irradiated samples are 
monotonically drifting up to 0.7 V under radiation doses D ≤ D1 ≈ 730 Gy without changing of the hydrogen 
sensitivity SC =|dVT /dC|. That is only VT0 (D) were decreasing. For absolute voltage error 1 mV the threshold 
values of dose sensitivity DT  ≈ 3.8 Gy and of dose rate PT  ≈ 0.4 μGy/s.  
3.2. The models of hydrogen and radiation sensitivities TSE 
The models of hydrogen and radiation sensitivity TSE were used as by Podlepetsky (2014-15). The threshold 
voltage 
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The formulas are based on the classical physical models of MISFET by using the approximation and extrapolation 
of the experimental data for TSE. The parameters:VT00 ≈1.9 V; 'VCM ≈0.5 V; 'VssM ≈1.65 V; D0 ≈1.7·104 Gy; k  ≈ 15 
(1/%); k0 ≈ 25 nC/V·cm2; k1 ≈ 10– 4 Gy–1; k2  ≈ 3·10–5 Gy–1; k3 ≈ 2·10–4 Gy–1; ΔQt0 ≈ 45 nC/cm2. There is another 
measuring circuit (circuit No.2), which maintains the constant value of VG, and the output voltage Vout = VD as by 
Podlepetsky (2015). The characteristics Vout = f (C, D) for this circuit, dose characteristics Vout0 (D) and Vout (D)  are 
presented in fig. 2b and fig. 3.  
 
Fig. 2.(a) The threshold voltage VT and the output voltage Vout as a function of hydrogen concentration C for circuit No.1 before (1) and after 
irradiations under doses D: ~ 260 Gy (2), ~ 920 Gy (3) and ~ 4.2 kGy (4); the black rectangles and circles  in are  experimental and modeling 
points according to (3) – (5). (b) The Vout (C) characteristics for circuit No.2: VG = 1 V and doses D: 1–0; 2– 500 Gy; 3 – 5.0 kGy; 4 – 10 kGy.  
 
Fig. 3. (a) The dose characteristics Vout 0 (D) at the currents  ID:  (1) – 0.01 mA;  (2) – 0,1 mA ; (3) – 0,3 mA, (4) – 0,3 mA for small P < 1 
μGy/s.  (b) Forecast dose and time dependences of output voltages of the TSE sensor under ionizing radiation at P = 1 mGy/s and various 
hydrogen concentrations C: 1 – 0.0 % , 2 – 0.05 % and 3 – 0.5%. 
3.3. Discussions of the experimental results  
After irradiations under D > D1 the hydrogen sensitivity SC are steadily decreasing. The maximum radiation drift 
of the initial threshold voltages ΔVT0 (D) was equal 1.6 V under doses ~ 4 kGy. The radiation sensitivity SD = dVT0 
/dD gets the maximum values ~ 0.2 mV/Gy under doses ~10 Gy and SD ≈ 0 at doses ~20 kGy. The hydrogen 
sensitivity gets the maximum values ~ 4V/% at C ~ 0.002% and SC ≈ 0 at C ~1% according to models (4) and (5). 
According to models the hydrogen sensitivity to diminish in 2 times under doses D2 ~ 10 kGy and should be 
decreased to zero after irradiation by very high doses (more than 15 kGy). For circuit No. 2 the hydrogen sensitivity 
is increasing under irradiation. 
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4. Conclusion  
The electron irradiation influence on hydrogen sensitivity of the integrated sensor with Pd-gate MISFET have been 
studied. It was shown that the ionizing radiation doses less than 3.8 Gy are not dangerous for these sensors. 
Radiation changings of the hydrogen sensor conversion function depend on TSE electrical modes, which are 
determined by the type of circuit and its electrical parameters. For the circuit No.1 the initial value of output voltage 
depends on the operating current drain ID.  With the growth of ID the initial value of the output voltage Vout 0 (D) and 
swipe dose characterictic ΔVout 0 (D) are increasing. To reduce the influence of radiation on the dependence Vout 0 (D) 
in circuit No. 1 recommended value  ID ≈ 0.1 mA and VD ≈1V. In circuit No. 2 the Vout 0 (D) characteristics depend 
on the selected operating voltage VG, which determines the modes of TSE operation. Under the action of radiation 
doses of D ≤ 750 Gy  the hydrogen sensitivity of TSE and the circuit No.1 do not change, and the hydrogen 
sensitivity in the circuit No.2  increases with dose absorption when TSE is working in the shelving area of the ID 
(VD) characteristic. To ensure high hydrogen sensitivity under the action of radiation, it is recommended to choose 
VG ≈ 2.6 V. In order to decrease the radiation sensitivity the TSE sensors could be preliminary irradiated under dose 
~ 50 Gy. For most applications of gas-analysis devices based on TSE the irradiation is weak influencing factor. 
References 
Voronov, Yu., Kovalenko, A., Nikiforova, M., Podlepetsky, B., Samotaev, N., Vasiliev, A., 2010, Elements of Gas Sensors Based on Micro-
fabrication Technology. Dutchiki and. Sistemi.(Russian), 3, 28-36. 
Samotaev, N, . Podlepetsky, B.,.A.Vasiliev, A ,.Pisliakov, A .,Sokolov, A ., 2013, Metal-oxide gas sensor high-selective to ammonia .Automation 
and Remote Control, 74 (2), 308-312. 
Lundström, I.,1981, Hydrogen sensitive MOS-structures, Part I: principles and applications. Sensors and actuators, 1 , 423 - 426.  
Lundström, I., Armgarth, M., Spetz, A., Winquist, F., 1986. Gas sensors based on catalytic metal-gate field-effect devices. Sensors and actuators 
3-4, 399 –421.  
Fomenko, S., Gumenjuk, S., Podlepetsky, B., Chuvashov, V. Safronkin, G., 1992, The influence of technological factors on hydrogen sensitivity 
of MOSFET sensors.  Sensors and actuators, B, 10 ,7 - 10.  
Podlepetsky, B., Gumenjuk, S., Fomenko, S., 1996, Sensitivity and stability of the integrated hydrogen sensors based on PD-resistor and MIS-
FETs with various gate and insulator materials. Proceedings of Eurosensors X. September 8-11,  Leuven, Belgium, 3 ,637-640.  
Lundström, I., Sundgren, H.  Winquist, F., Eriksson, M., Krants-Rülcker, C., Lloyd-Spets, A., 2007, Twenty-five years of field effect gas sensor 
research in Linköping. Sensors and actuators, B. 121, 247-262. 
Bur, Ch., Andersson, M., Schutze, A., Lloyd Spetz, A., 2014, The influence of gate bias on the CO sensing characteristics of SiC based field 
effect sensors.15th International Meeting on Chemical Sensors, Buenos Aires, IMCS2014, TPS-T3-7, 132.   
Kalinina, L., Litvinov, A., Nikolaev, I., Samotaev, N., 2010, Proc. Eurosensors XXIV, September 5-8, , Linz, Austria, Procedia Engineering 5, 
1216–1219. 
“Ionizing radiation effects in MOS devices and circuits”, 1989, edited by T.P. Ma and P.V. Dressendorfer, Willey & Sons, New York. 
 Podlepetsky, B., Kovalenko, A., 2014, Influence of ionizing radiation on MISFET hydrogen sensors 15th International Meeting on Chemical 
Sensors, March, Buenos Aires, IMCS2014, MPS-T8-3, pp.113. 
 Podlepetsky, B., 2015, Integrated Hydrogen Sensors Based on MIS Transistor Sensitive Elements: Modeling of Characteristics. Automation and 
Remote Control, 76(3), 535-547. DOI 10.1134/S0005117915030170. 
